ABSTRACT Fifteen patients with symptomatic mild-to-moderate and severe chronic aortic regurgitation (AR) performed supine bicycle exercise while measurements of rest (1) in patients with mild-to-moderate AR, the PAWP is generally normal at rest and exercise, (2) in most of those with severe AR, the PAWP is elevated at rest and increases significantly with exercise, which is the likely mechanism for dyspnea on exertion in these patients, (3) the cardiac index in both groups is normal at rest and increases on exercise, (4) the increase in cardiac output results from both an increased heart rate and forward stroke volume, (5) the increase in forward stroke volume results from reductions of RgV and RgF, (6) the RgV and RgF are decreased due to a decreased SVR, and (7) the ejection fraction response to exercise is variable and correlates best with changes in SVR with exercise.
DETERMINATION OF the optimum time for surgical intervention in patients with chronic symptomatic aortic regurgitation (AR) is an area of much clinical concern. -7 The responses of either left ventricular filling pressure and of left ventricular ejection fraction to dynamic exercise as well as exercise capacity have been suggested as three criteria that might be of value in making this determination. [8] [9] [10] The effects of dynamic exercise in patients with AR are not fully understood, especially regarding the relative effects of changes in heart rate, preload, afterload, and left ventricular contractility. 1 14 Reduction of systemic vascular resistance (SVR) with arteriolar dilators has been shown to favorably affect the redistribution of total left ventricular stroke volume such that forward stroke volume with mild-to-moderate and severe AR, the effects of dynamic exercise on (1) Intracardiac and intravascular pressures and cardiac output, (2) the redistribution of total left ventricular stroke volume into forward stroke volume and RgV and its relationship to changes in the systemic vascular resistance (SVR), and (3) changes in left ventricular ejection fraction.
Methods
Twenty-one patients with chronic symptomatic mild-to-moderate and severe AR who were scheduled for diagnostic cardiac catheterization were initially considered for participation in the study. All patients had cardiac catheterization that included left ventricular, ascending aortic, and coronary angiography. The exercise protocol with Doppler studies was performed within 48 hr of the cardiac catheterization. Left ventricular ejection fraction at rest and during supine bicycle exercise was obtained by equilibrium-gated radionuclide angiography.
Fifteen patients had technically adequate Doppler studies both at rest and during supine bicycle exercise, and these constitute the final study group. There were 11 men and four women with a mean age of 49 (range 25 to 73) years. They were divided into two groups based on the size of the left ventricle as determined at angiography. The six patients with a left ventricular end-diastolic volume equal to or less than 112 ml/m2 were considered to have mild-to-moderate AR, while nine patients with end-diastolic volumes greater than 112 ml/m2 were considered to have severe AR. The upper limit of "normal" for left ventricular end-diastolic volume is 112 ml/m2 (mean + 2SD; 86 + 26 ml/m2)'6 and we arbitrarily separated the patients into two groups based on this value. There were four men and two women, 54 ± 6 years old (mean + SE), in the mild-to-moderate AR group and eight men and one woman, 45 + 6 years old, in the severe AR group. All patients continued on their precatheterization medications during the Doppler exercise and radionuclide studies. Five of the nine patients with severe AR were taking a combination of digoxin and furosemide and a sixth was taking digoxin alone. One patient in the severe AR group and one in the mild-to-moderate AR group were taking a-methyldopa for hypertension. The Data were acquired during the last 2 min of each stage. Heart rate and brachial arterial pressure by sphygomanometer were also measured at the end of each stage. Thirteen of the 15 patients had technically adequate measurements of left ventricular ejection fraction at both rest and exercise. In the other two patients, measurement of ejection fraction during exercise was considered inaccurate due to a combination of either poor labeling of the red cell pool or to high background counts coupled with excessive motion of the patient during the exercise study.
Statistics. All group values are expressed as the mean + SEM. The changes from rest to exercise were compared by the paired t test. Changes were considered significant at the p ' .05 level. Correlations between parameters were tested by linear regression.
Results
Ejection fraction response to exercise. The ejection fraction at rest for the patients with mild-to-moderate AR (0.64 -0.05, range 0.54 to 0.74) was higher than in patients with severe AR (0.45 4- tients and decreased by 0. 10 in another. The failure to increase the ejection fraction by at least 0.05 during supine exercise was considered an "abnormal" response; the rationale and derivation of this value has previously been reported by others.9 23 Of six patients who had a "normal" increase in ejection fraction of at least 0.05 with exercise, three had a resting ejection fraction of less than 0.50, and five of seven with an "abnormal" ejection fraction response to exercise had a resting ejection fraction greater than 0.50. Thus, 10 of the 13 patients had either a reduced ejection fraction at rest, an "abnormal" response to exercise, or both.
Hemodynamic measurements at rest. There was no significant difference between the two resting measurements of heart rate, intracardiac or intravascular pressure, and cardiac output or systemic vascular resistance. Although as previously noted, studies in our laboratory suggest that intraobserver variability for the measurement of cardiac output using this continuous Doppler technique in subjects without AR is very small, there have been no published observations concerning the reproducibility of measurements in patients with AR.19 Therefore, in the 10 patients in whom duplicate resting Doppler measurements were made, calculated regurgitant volume and fraction could be compared and these measurements were found to be highly reproducible (figure 2, A and B).
Hemodynamic response to exercise (table 2). The A.
REGURGITANT VOLUME INDEX/BEAT Measurement 1 vs Measurement 2 changes in heart rate, mean systemic arterial pressure, cardiac index, and systemic vascular resistance were similar between the mild-to-moderate and severe AR groups. The patient in the severe AR group who had the lowest SVR at rest (870 dynes-sec/cm5) had an increase of SVR to 926 dynes-sec/cm5 during exercise (figure 3).
Mean PAWP increased with exercise in both groups; however, the PAWP was significantly higher in the severe AR group both at rest (19 ± 3.6 vs 8 ± 1.2 mm Hg, p = .01) and during exercise (30 ± 4.3 vs 15 + 3.9 mm Hg, p = .02; table 2 and figure 4). The mean PAWP at rest was less than 15 mm Hg in all five patients with mild-to-moderate AR in whom it was measured, while it was greater than 15 mm Hg in five of nine patients in the severe AR group. During exercise, the PAWP exceeded 15 mm Hg in two of the five patients with mild-to-moderate AR and eight of nine patients with severe AR. The higher PAWP during exercise in the patients with severe AR correlated with the frequency of exertional dyspnea in this group (table  1) . Despite the large increases in PAWP with exercise in two of the patients with mild-to-moderate AR, the response for the group varied over a wide range and the change failed to reach statistical significance (p = .07; figure 4 ). The mean pulmonary arterial pressures reflected the levels and changes in PAWP.
With exercise, there was a decrease in the total left B. .02, -.02, -.04, and .16, respectively) . A trend toward a direct relationship with change in RgF was not significant (r = .48, p = .10). Despite the lack of correlation between change in heart rate and ejection fraction, there was a trend toward an inverse relationship between percent change in cardiac index and ejection fraction (r = -.51, p = .07).
There was a significant correlation between the percent change in stroke volume index and the change in ejection fraction (r = -0. 86, p < .001; figure 6 ). The negative slope of the relationship suggests that greater increases in forward stroke volume were associated with smaller increases in ejection fraction. Among the measured parameters that might have affected the stroke volume, such as heart rate, mean arterial pressure, and RgF (r = -.11, -.04, and .46, respectively), only the change in SVR correlated significantly with the change in ejection fraction (r = .80, p < .001, SEE = 119 dynes-sec/cm5; figure 7) ; the smaller increases in ejection fraction with exercise occurred in those patients who had a greater fall in SVR.
Discussion
The distinction between patients with symptomatic severe chronic AR from those with mild-to-moderate disease is of clinical importance in that surgery for MEAN However, each had one or more of the following problems: (1) they did not measure RgF,33 (2) patients studied had associated valvular diseases,'3 or (3) they used inadequate techniques of measuring the regurgitation.3F36 We have demonstrated that patients with AR have a mechanism for increasing forward stroke volume during exercise without increasing total left ventricular stroke volume; they do so at the expense of the RgV.
PULMONARY
The changes in RgV and RgF that we observed cannot be entirely accounted for by the effect of increased heart rate alone. Although there is a decrease in the duration of diastole with increased heart rate and a decrease in RgV/beat, the forward stroke volume also decreases with atrial pacing, and no change or fall in mean arterial or PAWP is seen. 12 At rest, the ejection fraction for the patients with mild-to-moderate AR was normal, while it was decreased below 0.50 in five of the nine patients with severe AR. With exercise, although a significant increase occured for the group, the individual responses were variable and the direction and magnitude of change was not related to the resting ejection fraction or the severity of the AR.
The change in left ventricular ejection fraction with exercise has been used to detect left ventricular systolic dysfunction that is not apparent in the resting state. In the presence of coronary artery disease, the expected increase in ejection fraction may fail to occur, and a decrease in ejection fraction may even be seen if ischemia on exercise is significant.40 However, such a direct conclusion of myocardial dysfunction might not be warranted in the case of the patient with AR. Our study has shown that the body is able to redistribute the total left ventricular stroke volume through a reduction of SVR and increase forward stroke volume at the ex-pense of the RgF. In fact, in these patients, at a moderate level of exercise, the change in ejection fraction was directly related to the change in SVR; the patients with a fall or only a small increase in ejection fraction had the greatest gain in forward stroke volume by means of reduction of RgF. However, Shen et al. 4 ' have recently presented evidence that exercise-induced changes in ejection fraction in patients with chronic AR are also correlated with the state of resting left ventricular function. Thus, ejection fraction on exercise appears to be dependent on at least two factors: changes in SVR and state of left ventricular function. Our findings suggest that (1) data about changes in ejection fraction in patients with AR cannot be interpreted for assessment of left ventricular function without knowledge about changes in SVR, and (2) great care must be used in drawing conclusions about left ventricular dysfunction from the ejection fraction response to exercise, especially if such conclusions are used in making the decision with regard to aortic valve replacement. 
